Cobb broilers and domestic ducks, both one-day-old, were treated using ration doped with 20 ppm of uranyl nitrate. Uranium concentrations in the tibia (μg-U/g-bone) were measured by neutron activation analysis as function of the animals' age, from the neonatal period to maturity. Results show that Uranium and Calcium qualitatively follow the same metabolic pathway, and that adult ducks incorporate on average ten times more Uranium than broilers. Data interpretation shows that the Uranium clearance rate in broilers is substantially higher than that in ducks, suggesting that metabolic characteristics favoring Calcium retention in bone may hinder the elimination of Uranium in ducks. The need for further comparative biochemistry studies between Galliformes and Anseriformes is addressed.
Uranium Metabolism in Birds-Preliminary Observations in Broilers
More recently, a preliminary experiment with Cobb broilers was carried out at this Laboratory, starting with seven-day-old birds fed with ration doped with uranyl nitrate up to adulthood [9] . Uranium concentration in the tibia was measured by neutron activation analysis. Quite surprisingly, results showed that the concentration of uranium (μg-U/g-bone) decreased along the animal life period, at variance with results from mammals for example, meaning that the skeleton of broilers grows at a faster rate than the corresponding accumulation of uranium. This finding was tentatively interpreted as an interplay between two metabolic peculiarities, associated both with U transfer (uptake), and U removal (clearance) from the bones. A counter-case study to prove this hypothesis would be the performing of a similar experiment with a bird exhibiting rather distinct metabolic characteristics, thus "favoring" retention of U and reducing the clearance rate as a consequence.
Metabolic Characteristics of Broilers and Ducks
A quite informative article dealing with respiratory, circulatory and metabolic aspects of Tufted Ducks was published almost three decades ago [10] . The correlation of basal rate of metabolism with several factors was worked out in birds by McNab [11] with conclusions still valid nowadays. In the same vein, it was concluded elsewhere that the principal source of variation in avian basal rates, other than body mass, is taxonomic affiliation [12] .
In ducks, for instance, the hemoglobin affinity for oxygen allows rapid adjustments of oxygen binding and release since the process is far less demanding in energy than an increase in cardiac output. This adaptation has been attributed to changes in the primary structure of globin chains, modulating oxygen uptake and delivery to the tissues [13] [14] . Moreover, metabolic demand of migratory birds, as in ducks, is associated with intense muscular activity performed during flight; thus, enormous muscle activity requires a large storage of calcium (Ca ++ ) as a key element in order to maintain the necessary demand of fast and intense muscle contractions. Whatsmore, ducks have a predisposition for storing calcium (primarily in the bones, as the main source of the element) to be used over long periods of time, such as migratory flight. Such metabolic peculiarity might be conserved in domestic ducks. Additionally, there must be mechanisms most likely minimizing the loss of bone calcium to ensure calcium supply during shortages of calcium sources, in a way that is more effectively than in birds not subject to the same demand.
The Goal and the Rationale of This Work
Information and reasoning led us to conjecture that the uranyl (UO 2 ++ ), following the pathway of calcium meta-bolism, would be stored in larger quantities in ducks, due to a metabolic and genetic susceptibility associated with the group.
Since ontogenetic development is fuelled by metabolism, a decision was made to perform a detailed measurement of uranium concentrations in bones of broilers and wild ducks fed with uranyl nitrate doped ration, through a period of time starting from the first day of the animal's life through to the completion of its ontogenetic growth.
In this sense, this experiment would, for the first time, allow the sensing of information on the pathway characteristics of U in birds with different metabolic characteristics, such as broilers and ducks. This is a rather sensitive issue given the corresponding radiobiological implications to the animals and to their consumers.
Materials and Methods

Animals
Around seventy one-day-old Cobb broilers and seventy one-day-old domestic ducks (Common Name: DuckPeking) were housed in 06 boxes 1.5 × 3.0 = 4.5 m 2 with wood shavings as bedding, and in each box there were 23 animals, The animals were fed ad libitum in infant tubular feeders with a capacity of 5.0 kg during the first 10 days; after this period specific tubular feeders for broiler, with a capacity of 30 kg, were used. The water was initially provided in infant drinkers with a capacity of 3 liters, which were later replaced by bell drinkers.
The animals were separated into two groups, each receiving the following food supplements: Group-1 (control animals-broilers and ducks): basic food with specific formulation for each of the birds and for each distinct life period, following commercial procedures, was supplied and monitored (see Table 1 ). Group-2 (doped animals-broilers and ducks): the same basic food of Group-1 but doped with 20 ppm of uranyl nitrate, from now on referred to as U-doped food.
Feeding (as well as water) was monitored and average accumulated consumptions were estimated. The animals were tagged with individual rings and weighed weekly and afterwards sacrificed. The animals were also clinically checked throughout experiment duration.
Starting with two-day-old birds, two animals per group were euthanized at the following sequence of ages (in days):
Ducks (control and doped animals)-2, 7, 9 and 15. After the 15th day the animals were sacrificed at intervals of 6 or 7 days, i.e., from the 15th to the 78th day.
Broilers-from 2 to 14-day-old doped animals at intervals of one day (2, 4, 6, 8, and 10-day-old for the control), and from 14 to 70 at intervals of 6 or 7 days (control and doped animals).
Three one-day-old ducks and broilers were sacrificed for the purpose of obtaining base values, that is, residual uranium transferred to the animals during the pre-and neonatal phases.
The animals were euthanized according to the Guide of Care and Use of Experimental Animals (Canadian Council on Animal Care, vol. 2, 1984) , receiving adequate care with appropriate veterinary supervision. The tibiae were immediately removed and frozen at −20˚C for a posteriori processing and analysis.
Sample Preparation
The bones were individualized in porcelain melting pots, weighed and maintained for 12 hours inside an oven at 120˚C leading to water evaporation. Next, the material was kept on a hot plate at 180˚C for 8 hours for carbonization. After this, the melting pots were inserted into an oven at 600˚C until conversion of the material into ashes, diluted into 2% nitric acid.
Approximately 100 mg of bone ash solutions from each animal was weighed and sealed in polyethylene involucres. Standard aliquots of U and Ca solutions, with exact known concentrations, were pipetted onto 2 cm . A solution of the reference bone sample IAEA-A12 was also prepared, so as to check the analytical accuracy of the method.
Additionally, three samples of ration (food) diluted with 2% nitric acid were similarly analyzed to determine their possible residual Uranium content.
Data Taking
Uranium
Samples of bones, ration and standards, all in triplicate, were analyzed by means of conventional gamma-spectrometry procedures [16] [17], using a high resolution 75 cm 3 -high purity Ge detector operated with a 671 ORTEC amplifier in pile-up rejection mode. For the quantification of uranium 2 hour counting runs were used, thus allowing the determination of the three main gamma lines following the decay of 239 Np (formed from 238 U + n → 239 U → 239 Np): 106 keV, 228 keV and 278 keV.
Calcium
About 150 mg of bone samples, weighed and heat-sealed in polyethylene bags, were irradiated at the IEA-R1 nuclear reactor together of synthetic standards of Ca. The Ca standard was previously prepared by pipetting a known aliquot of Ca standard solution provided from SpexCertiprep Chemical (USA) onto a sheet of Whatman No. 40 filter paper. The amount of Ca used was 1000 µg. After drying at room temperature in a dessicator, the filter sheets were placed in clean polyethylene bags, and irradiated for sixteen hours under thermal neutron fluxes of about 10 12 n•cm −2
•s −1
. Following an adequate decay time of one week, the irradiated samples and Ca standard were measured using an HPGe detector (Model GX2020) coupled to an integrated signal processor (Model 1510), both from Canberra. The resolution (FWHM) of the system was 0.90 keV for the 122 keV gamma-ray peak of 57 Co and 1.87 keV for the 1332 keV gamma-ray of 60 Co. Calcium was identified by measuring the 47 Ca gamma lines of 159.38 and 1297.09 keV and half life of 4.54 d. The elemental concentration was calculated by comparative method.
Statistical Evaluation
It should be emphasized that each data point corresponds to an average taken over the 3 gamma ray decay lines of 239 Np measured in samples of two animals; therefore it is the average of 6 experimental values for uranium concentrations. All error bars showing up in the figures represent external standard deviations. In reality, since data averaging was the only data handling procedure, calculation of external standard deviations of the averaged values was carried out, simply a conventional parametric statistics in the normal model [18] . Because of the one to two orders of magnitude difference between Uranium concentrations in bones of broilers and ducks, it would seem rather redundant applying statistical tests as e.g. Tukey's or ANOVA.
Results
There were transitory treatment effects (P < 0.05) in body weight change; attributed to the normal fluctuations in weight within any group of birds and therefore not considered biologically significant or U-induced.
Measurement of uranium concentrations in the ration samples provided an average of 0.28 ± 0.03 ppm. Uranium concentrations in bones of control animals up to 14-day-old were 0.04 ± 0.02 ppm and 0.12 ± 0.5 ppm, for broilers and ducks respectively, and 0.03 ± 0.01 ppm and 0.15 ± 0.6 ppm for 14-day-older broilers and ducks respectively.
In fact, Uranium concentrations measured in control animals were low, from one to two orders of magnitude smaller than the concentrations in the animals fed with uranyl nitrate. This is additional evidence that commercially available ration used contains low levels of uranium as well.
Results for the concentrations of Uranium in bones of broilers and ducks, as function of age, expressed as micrograms of U per gram of bone (wet samples), represented by C(µg-U/g-bone) are shown in Figure 1 , while the insert in Figure 1 displays results for the fraction of calcium in bones of broilers, expressed as mg-Ca/mgbone. Within experimental uncertainties, this calcium data set is a flat and structureless function of the animal age, averaging at 0.25 ± 0.04 (mg-Ca/mg-bone) or (25 ± 4)% in the whole age interval. Results for calcium in ducks (not shown) behave similarly, except that the average fraction is higher: 0.38 ± 0.05 (mg-Ca/mg-bone), or (38 ± 5)%.
Results for the restricted life period of 1 -14 days (neonatal and very young animals) are shown in Figure 2 , and plotted in the insert is the ratio C(ducks)/C(broilers), where C(ducks) and C(broilers) are the concentrations of Uranium in bones of ducks and broilers respectively (the horizontal lines in the insert represent average quantities at the corresponding age-interval). 
Discussion
Concentration of Uranium-Deepening of Its Meaning
The experimental results obtained in this work (incorporation of Uranium in bones) are expressed in terms of concentration of Uranium, a quantity defined by
where m U is the mass of Uranium measured in a bone sample with mass m bone . This being a normalized quantity, that is, it expresses the amount of Uranium mass per bone mass unit. In our case it is micrograms of Uranium (µg-U) per milligram of bone (mg-bone), which is equivalent to parts per million of Uranium (ppm-U).
The concentrations of Uranium in bones of broilers and ducks were measured as function of age, spanning a life period from birth to maturity, that is, from the early stages of skeleton development. It is noted that, a) when C U is constant, or slowly varying with time, it means that the incorporation of U increases at a rate similar to skeleton growth rate. In other words, m U and m bone (see Equation (1)) are directly proportional quantities; b) when C U increases (decreases) with time, it means that the U incorporation rate is higher (smaller) than skeletal growth rate.
The present results (Figure 1 and Figure 2 ) are discussed by splitting the life period of the animals into life-period-1 (from 1 to 20-day-old) and life-period-2 (20-day-older). Uptake of Uranium is fairly distinct in these two life periods. In fact, it is very likely that young animals (life-period-1) are often in positive uranium balance (between uptake and excretion) due to a build up of uranium in the growing skeleton, vis-à-vis older animals (life-period-2) [5] .
Life-Period-1: Earlier Life Stages-Rapidly Growing Skeleton
Broilers-The concentrations of Uranium (C U ) in bone of neonatal and young broilers are nearly constant and/or slowly varying with time in life-period-1, as shown in Figure 2 (full circles points). Therefore (see Equation (1))
, indicating that the amount of U incorporated and the skeleton (bones) mass of younger broilers increases at the same rate. This is what happens with Calcium in bones too as clearly indicated in Figure 1 -insert, where it is plotted concentrations of Calcium in bone, that is, Ca Ca bone C m m k′ = ≈ (constant). Therefore, the masses of both Uranium and Calcium measured in bone increases proportionally to the skeleton mass, suggesting that U and Ca follow the same metabolic pathway at least for neonatal and young broilers. Overall, this is compelling evidence for the Uranium Calcium-mimicry hypothesis.
Ducks-A simple visual inspection of Figure 1 reveals that ducks have a strong affinity for Uranium, and that such affinity is quantitatively quite distinct according to the life period. In the case of neonatal and young ducks, life-period-1 (Figure 2) , Uranium concentration appreciably increases with time, for instance, nearly duplicating from t = 2 d, 1.25 (µg-U/g-bone), to t = 15 d, 2.25 (µg-U/g-bone). It seems that the uptake biokinetics in ducks in early life stage is more avid for Uranium compared to Calcium.
Overall, ducks incorporate three times more Uranium than broilers do in life-period-1 (see Figure 2) . This result is consistent with the higher predisposition of ducks to store Calcium in bones, as discussed in the introduction and in accordance with our results: 0.25 ± 0.04 and 0.38 ± 0.05 (mg-Ca/mg-bone) for broilers and ducks respectively.
Life-Period-2: Young to Mature Animals
Broilers-The Uranium concentration (C U ) in bones of broilers 20-day-older decreases all along life-period-2 (Figure 1) . It is known from Equation (1) that
; thus, a decreasing C U could imply that the Uranium incorporation rate is slower than skeleton growth rate, and/or that Uranium clearance is involved. The latter possibility was tentatively addressed by us elsewhere [9] . In fact, Uranium concentration drops by a factor of 3, approximately, from 0.75 (µg-U/g-bone) at t = 20 d to 0.2 (µg-U/g-bone) at t = 70 d.
Ducks-The ratio C(ducks)/C(broilers) plotted in the insert in Figure 2 reveals that Uranium incorporation in ducks, relative to broilers, increased steeply from 3 (observed in life-period-1) to 17 at the age of 65 days. Interestingly, the results of this study show that mature ducks incorporate on average ten times more Uranium than broilers; a puzzlingly finding indicating that duck affinity for Uranium is much higher in adult individuals and, proportionally, much higher than for Calcium.
Biokinetics issues as clearance and slower or faster Uranium incorporation rates could be appraised by means of residence times via a simple Two Compartments Biokinetics Approach for uptake.
Uranium Uptake through Two Compartments
Let one consider that m 0 milligrams of Uranium administered to the birds move to a first compartment (skeleton), and then to a second compartment (kidneys, for instance), but do not return back to compartment # 1 (the excretion process). A more complete biokinetics approach using e.g. a Multiple Compartments Model, beyond the scope of this Discussion, is to be found in our earlier publications [19] .
After an elapsed time t (s) Uranium mass incorporated into compartment # 1 is m 1 (t), and the incorporation rate, r 1 (mg/s), is given by ( ) 
Likewise, one deduces the residence times of Uranium in compartments # 1 (skeleton) and # 2 (kidneys), t 1 and t 2 respectively, and given by ( )
and ( ) ( )
The radioactive decay constant is defined as λ = τ
, where τ is the mean life of the radionuclide. In the case of Uranium the order of magnitude of τ is hundreds of millions of years which here, for estimate purposes, render λ ≈ 0 and residence times 
In fact, residence time t 1 in this approach is the time by which 100% of the total ingested Uranium moves out of compartment # 1 (bones), while 
Since the parameter λ 1 is a measure of the Uranium clearance rate in bones (or, as defined above, the biological "disappearance" from compartment # 1), the smaller λ 1 is, the bigger the retention of Uranium in bones. Thus, Uranium clearance rate in broilers is substantially higher than in ducks.
In fact, metabolic properties intended to retain calcium in bone, probably hinder the elimination of uranyl in the body of ducks. Differences in enzymes and transport proteins playing a role in cellular calcium are likely to affect retention and elimination of uranyl in the body of birds; indicating that future studies in comparative biochemistry between the two groups can be explored in the discovery of new forms of metabolic elimination of uranyl, an issue high on the agenda of radiation protection.
Conclusions
1) The amount of Uranium present in bones and the bone masses of neonatal and young broilers increases at the same rate, indicating that U and Ca qualitatively follow the same metabolic pathway. 2) Mature ducks incorporate on average ten times more Uranium than broilers. 3) Conclusion # 2 and a two compartments biokinetics approach suggest that Uranium clearance rate in broilers is much higher than in ducks. 4) Conclusion # 3 supports the possibility that metabolic characteristics favoring Calcium retention in bone may hinder the elimination of Uranium in ducks. 5) Overall, all these conclusions point to the need for future comparative biochemistry studies between Galliformes and Anseriformes.
